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Anisotropic electronic transport and Rashba effect of the two-dimensional electron
system in (110) SrTiO3-based heterostructures
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Karlsruher Institut fu¨r Technologie, Institut fu¨r Festko¨rperphysik, 76021 Karlsruhe, Germany
(Dated: March 8, 2018)
The two-dimensional electron system in (110) Al2O3−δ/SrTiO3 heterostructures displays
anisotropic electronic transport. Largest and lowest conductivity and electron mobility µ are ob-
served along the [001] and [11¯0] direction, respectively. The anisotropy of the sheet resistance and
µ likewise leads to a distinct anisotropic normal magnetotransport (MR) for T < 30K. However, at
temperatures T < 5K MR and magnetic field B < 2T MR is dominated by weak antilocalization.
Despite the rather strong anisotropy of the Fermi surfaces, the in-plane anisotropic magnetoresis-
tance (AMR) displays two-fold non-crystalline anisotropy. However, the AMR-amplitude is found
to be anisotropic with respect to the current direction, leading to a 60% larger AMR amplitude
for current I along the [001] direction compared to I parallel to [11¯0]. Tight binding calulations
evidence an anisotropic Rashba-induced band splitting with dominant linear k-dependence. In com-
bination with semiclassical Boltzmann theory the non-crystalline AMR is well described, despite
the anisotropic Fermi surface.
PACS numbers: 77.84.Bw,73.43.Qt,73.40.-c,73.20.-r
I. INTRODUCTION
The two-dimensional electron system (2DES) formed
at the interface of the band insulators LaAlO3 (LAO)
and SrTiO3 (STO) displays many intriguing features
such as superconductivity, spin-orbit interaction (SOI)
and multiple quantum criticality [1–3], and has thus
made LAO/STO a prototypical system for studying low-
dimensional strongly correlated electron systems. Mag-
netic properties are reported alike [4], however, believed
to arise rather from extrinsic sources like oxygen vacan-
cies and strain.
In (001) oriented LAO/STO the sheet carrier concentra-
tion ns can be tuned by electric field gating through a
Lifshitz transition [5] occurring at a critical sheet car-
rier concentration nc ≈ 1.7 × 1013 cm−2, where itiner-
ant electrons change from populating only Ti derived 3d
t2g orbitals with dxy symmetry to occupying also the
dxz, dyz orbitals. These bands result in a highly ellip-
tical Fermi surface oriented along crystalline directions
and may give reason for the observation of crystalline
anisotropic electronic properties. In addition, localized
magnetic moments, pinned to specific dxy orbitals may
lead to crystalline anisotropy as well and may compli-
cate anisotropic electronic transport. The coexistence of
localized charge carriers close to the interface and itiner-
ant d electrons may lead to fascinating phenomena such
as non-isotropic magnetotransport or magnetic exchange.
However, it is not clear whether interaction between these
localized magnetic moments and mobile charge carriers
really happens.
The SOI in (001) LAO/STO results in a non-crystalline
two-fold anisotropic in-plane magnetoresistance (AMR)
[6]. Interestingly, for ns > nc sometimes a more complex
AMR with a four-fold crystalline anisotropy is reported
which is discussed in terms of a tunable coupling between
itinerant electrons and electrons localized in dxy orbitals
at Ti vacancies[7]. However, the appearance of a crys-
talline AMR with increasing ns is not always evident
and rises question about its microscopic origin. More
recently, a giant crystalline AMR of up to 100% was re-
ported in (110) oriented LAO/STO [8]. Here, ns was
about 2× 1013 cm−2. However, the AMR was supposed
to be related to strong anisotropic spin-orbit field and
the anisotropic band structure of (110) LAO/STO.
With respect to both, namely fundamental aspects such
as the possible simultaneous appearance of magnetism
and superconductivity and applications in the field of
spintronics, a more fundamental knowledge about the
origin of anisotropic magnetotransport is highly desired.
Measurements of the AMR in a rotating in-plane mag-
netic field are well suited to probe crystalline anisotropy
and symmetry of a 2DES and are a promising tool to elu-
cidate magnetic properties because of its high sensitivity
towards spin-texture and spin-orbit interaction [9].
In order to investigate the microscopic origin of the
anisotropic electronic properties of the 2DES of STO-
based heterostructures we studied in detail the electronic
transport of the 2DES formed at the interface of spinel-
type Al2O3−δ and (110) oriented STO (AO/STO). The
presence of oxygen vacancies [10] promoting localized dxy
electrons in combination with the anisotropic band struc-
ture of (110) STO surface [11] makes (110) AO/STO
very suitable for these experiments. The heterostruc-
tures were produced by standard pulsed laser deposition,
and characterization of the electronic transport was done
by sheet resistance measurements. Band structure cal-
culations were carried out using linear combination of
atomic orbitals (LCAO) approximation to model band
structure and Fermi surface properties of (110) AO/STO.
AMR was deduced using semi-classical Boltzmann the-
ory. Surprisingly, despite the anisotropy of the electronic
band structure and SOI, and the presumably large con-
tent of oxygen vacancies as compared to LAO/STO, we
2did not observe indications for a crystallineAMR in (110)
AO/STO. The AMR displays two-fold non-crystalline
anisotropic behavior. Contributions to the electronic
transport from the different Fermi surface sheets as well
as the anisotropy of the Fermi surfaces itself are sensi-
tively affected by ns.
II. EXPERIMENTAL
Sample preparation has been carried out by depositing
Al2O3−δ films onto (110) oriented STO substrates with
a thickness of about 15 nm at a substrate temperature
of Ts = 250
◦C by pulsed laser deposition [12]. In order
to achieve an atomically flat, single-type terminated sub-
strate surface, the substrates are annealed at T = 950◦C
for 5h in flowing oxygen. The (110) STO surface can be
terminated by a SrTiO or an oxygen layer, see Fig. 1 (a),
where the cation composition at the interface should be
always the same in case of single-type termination. An-
nealing results in a stepped surface topography with a
step height of about 2.7A˚ and a step width of 80 nm, see
Fig. 1 (b). Oxygen partial pressure during Al2O3−δ de-
position and cool-down process was p(O2) = 10
−6 mbar.
Prior to the deposition, microbridges with a length of
100µm and a width of 20µm in Hall bar geometry have
been patterned along specific crystallographic directions
using a CeO2 hard mask technique [13], see Fig. 1 (c).
The microbridges are labeled from A to E, with angle
ϕ = 0◦, 22.5◦, 45◦, 67.5◦, and 90◦ towards the [11¯0] direc-
tion, i.e., A and E parallel to [11¯0] and [001] direction,
respectively.
The sheet resistance Rs was measured using a physical
property measurement system (PPMS) from Quantum
Design in the temperature and magnetic field ranges 2
K ≤ T ≤ 300K and 0 ≤ B ≤ 14T. To avoid charge
carrier activation by light [14, 15], alternating current
measurements (Iac = 3µA) were started not before 12
hours after loading the samples to the PPMS. The mag-
netoresistance, MR = [Rs(B) − Rs(0)]/Rs(0), and the
AMR = [Rs(Bip, φ) − Rs(Bip, 0)]/Rs(Bip, 0), have been
measured with magnetic field normal (B) and parallel
(Bip) to the interface, respectively. For measuring AMR
with rotating in-plane magnetic field Bip(φ), a sample
rotator was used. The angle φ between Bip and [001]-
direction was varied from 0◦ − 360◦. Special care has
been taken to minimize sample wobbling in the appara-
tus. Residual tilts (1◦ − 2◦) of the surface normal with
respect to the rotation axis which produces a perpendic-
ular field component oscillating in sync with φ could be
identified by comparison of Rs(Bip, φ) for different mi-
crobridges and could therefore be corrected properly.
FIG. 1: (a) Schematic of the crystal structure of STO. In
case of (110) orientation, the surface can be terminated with
a SrTiO or oxygen layer. The spacing of the cation layers
is a/
√
2, where a = 3.905A˚ is the cubic lattice parameter
of STO. Crystallographic directions and atom labels are in-
dicated. (b) Surface topography before Al2O3−δ deposition
characterized by atomic force microscopy. The image was
taken on microbridge A. (c) Optical micrograph of a pat-
terned sample. Sharp contrast between AO/CeO2 (dark) and
AO/STO (bright) enables identifying microbridges labeled al-
phabetically from A−E.
III. RESULTS AND DISCUSSION
A. Temperature dependence of the anisotropic
electronic transport
The anisotropic electronic band structure of the 2DES
found in (110) oriented LAO/STO heterostructures [8]
and at the reconstructed surface of (110) oriented STO
[11] obviously lead to anisotropic electronic transport
[16, 17]. The lowest electronic subbands along the [11¯0]
direction (along Γ−M) display much weaker dispersion
and smaller band-width compared to the [001] direction
(along Γ−Z) which typically results in larger resistance
for current I direction along the [11¯0] direction [8, 17].
The electronic transport in (110) AO/STO displays dis-
tinct anisotropy as well. The T -dependence of the sheet
resistance Rs along different crystallographic directions
is shown in Fig. 2 (a). For all the microbridges, Rs
decreases with deceasing T nearly ∝ T 2 down to about
100 K and shows a shallow minimum around 20 K. The
T -dependence is very similar to that observed in (001)
AO/STO and is likely explained by strong renormal-
ization due to electron-phonon interaction and impurity
scattering [18, 19]. The resistivity ratio between 300 K
and 10 K amounts to about 20, which is nearly the same
as that of (001) AO/STO. Rs steadily decreases from A
(I ‖ [11¯0]) to E (I ‖ [001]) with increasing ϕ at con-
stant T throughout the complete T -range. Obviously,
anisotropic transport is not only restricted to low temper-
atures T < 10K, where usually impurity scattering dom-
3inates Rs. Moreover, the anisotropy between A and E,
[Rs(A)−Rs(E)]/Rs(E) is largest at T = 300K amount-
ing to 47% and decreases with decreasing T to 29% at
T = 5K. This rather small T -dependence indicates that
the intrinsic anisotropic electronic band structure is very
likely the dominant source for the anisotropic transport.
In contrast, anisotropic transport in (001) AO/STO is
extrinsic in nature and is found only at low T where it is
caused mainly by anisotropic impurity scattering due to
an inhomogeneous distribution of < 110 >lattice dislo-
cations [20]. With respect to these results, anisotropy in
(110) AO/STO may be diminished at low T and intrinsic
anisotropy would be even larger.
In order to extract sheet carrier density ns and mobility
µ, Hall measurements have been carried out in a mag-
netic field −14T≤ B ≤ 14T applied normal to the inter-
face for 2K≤ T ≤ 300K. For T < 30K, the Hall resis-
tance Rxy becomes slightly nonlinear, indicating multi-
type carrier transport. However, ns which we deter-
mined from the asymptotic value of Rxy at high fields,
i.e., the total ns, usually deviates by less than 10% from
ns extracted from Rxy in the limit of B = 0. In Fig.
2 (b) the total ns and the Hall mobility, calculated by
µ = (Rs(B = 0) × ns × e)−1, where e is the elementary
charge, are shown as functions of T . ns decreases with
decreasing T from about 1.3 × 1014 cm−2 at T = 300K
to 2.5× 1013 cm−2 at T = 5K and is well comparable to
that of (110) LAO/STO [10].
In contrast to the T -dependence of ns, µ increases from
about 2.5 cm2/(Vs) with decreasing T to 150 cm2/(Vs).
The T -dependence of ns and µ is well comparable to that
observed in 2DES of (001) STO based heterostructures
[20–22]. As expected from Rs the maximum anisotropy
of ns and µ is observed at T = 300K amounting to 16%
and 65%, respectively, and decreases to 2% and 34% at
T = 5K. Therefore, the anisotropy of Rs at low T is
mainly caused by the anisotropy of µ, whereas ns for the
different microbridges A−E are roughly the same. The
superior role of µ with respect to electronic anisotropy is
demonstrated in Fig. 2 (c) where ns and µ are plotted
for A−E at T = 5K. ns differs only little for the different
microbridges. In contrast, µ steadily increases from A to
E with increasing ϕ and shows the highest mobility for
bridge E, i.e., along the [001] direction. The results are
reasonable with respect to the anisotropic band structure
and Fermi surface of (110) AO/STO, which will be dis-
cussed in more detail in III. C.
B. Magnetotransport
Measurements of the MR and AMR with magnetic
field direction normal or parallel to the interface, re-
spectively, are often used to characterize SOI in low-
dimensional electron systems. In STO-based 2DES, the
Rashba-type SOI usually leads to a weak antilocaliza-
tion (WAL) of the charge carrier transport at low T [2],
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FIG. 2: (a) Sheet resistance Rs versus T for micro-
bridges A − E (from top to bottom) with an angle ϕ =
0◦, 22.5◦, 45◦, 67.5◦, and 90◦ towards the [11¯0] direction, i.e.,
A ‖ [11¯0] and E ‖ [001]. (b) Sheet carrier density ns, left
scale, and Hall mobility µ, right scale, versus T for A − E.
(c) ns, left scale, and µ, right scale for bridge A−E at T = 5K.
resulting in a logarithmic T -dependence of Rs [23]. How-
ever, the quantum coherence can be destroyed by apply-
ing moderate magnetic fields leading to a distinct positive
MR [24].
For T ≥ 50K the MR of (110) AO/STO is rather small,
less than 2%, and displays no distinct anisotropy with
respect to the crystallographic direction. For T < 50K,
MR starts to increase with respect to amplitude and
anisotropy. In Fig. 3, MR is shown for the microbridges
A−E, for T = 10K and 2K. For T = 10K,MR is positive
and amounts to about 10%. The B-dependence of MR
indicates orbital motion of free carriers due to the Lorentz
force, i.e., classical Lorentz scattering (LS) as the domi-
nant scattering mechanism, where MR is well described
by the Kohler form: MR ∝ (1/R0) ×
(
B
w
)2
/(1 +
(
B
w
)2
),
with the zero-field resistance R0[25]. Fits to the Kohler
form are shown by solid lines in Fig. 3 (a). MR dis-
plays clear anisotropic behavior with respect to the mi-
crobridges, showing a systematic increase from A to E.
This is very likely related to the decrease of the zero-field
resistance from A to E, see Fig. 2 (a).
For T = 2K, an additional contribution to the positive
MR appears. However, significant changes to MR are
restricted to the low field region, B < 8T. As mentioned
above, in 2DES charge transport in the diffusive regime is
well described by the 2D WAL theory[23]. The quantum
corrections to the conductivity arise from the interference
of electron waves scattered along closed paths in opposite
4directions. Phase coherence is destroyed if the applied
magnetic field which results in a phase shift between the
corresponding amplitudes exceeds a critical value. An
estimation for the field limit B∗ = ~/(2el2m) can be de-
duced from the electron mean free path lm =
~
e
√
2πnsµ
of the sample. For our sample we obtain lm = 12nm
which results in a field limit of about 2 T.
Zeeman corrections to the WAL are taken into account by
the Maekawa and Fukuyama (MF) theory [24], which is
usually used to describe the B-dependence of the MR in
LAO/STO and AO/STO [2, 20]. The parameters of the
MF-expression are the inelastic field Bi, the spin-orbit
field Bso, and the electron g-factor which enters into the
Zeeman corrections.
For B ≤ 2T,MR at 2K is well described by LS and WAL.
Fits to the data, using the MF-based expression given in
[2] in combination with a Kohler term, are shown in Fig.
3 (b) and (c) by solid lines.
The WAL fitting results in parameters Bi ≈ 180mT and
Bso ≈ 0.6T. Within the experimental resolution and the
limited field range WAL effect appears to be nearly the
same for all the microbridges. Zeeman corrections toMR
have been found to play only a minor role for the ap-
plied magnetic fields. The magnitude of Bi and Bso are
well comparable to those found in (001) AO/STO and
LAO/STO, where Rashba-type SOI has been identified
as the dominant source of spin orbit coupling.
In comparison to WAL, contributions from LS to MR at
2K are rather small for B < 2T. However, for B > 8T,
where WAL can usually be neglected, LS dominates MR
again. Interestingly, in comparison to the anisotropy of
MR with respect to the microbridges for B > 8T and
at T = 10K, the anisotropy of MR at 2 K, is slightly
decreased. In contrast, the anisotropy of R0, µ, and ns
with respect to the current direction, are well compara-
ble for T = 10K and 2K, or even slightly larger at 2K
and likely do not explain that behavior. It might be sug-
gested, that Rashba-type SOI not only influences MR
by WAL at low magnetic fields but also at higher fields,
where WAL should be absent.
Anisotropic Rashba splitting was indeed observed by
angle resolved photoemission (ARPES) experiments
on (110) STO surfaces [11] and discussed for (110)
LAO/STO heterostructures [8, 16]. The influence of SOI
and Rashba effect on magnetotransport can be studied
more specific, if the magnetic field is applied parallel to
the interface where changes of the MR by WAL are neg-
ligible.
Applying the magnetic field parallel to the interface at
an angle φ with respect to the [001] direction, Bip(φ),
results in a strong field-induced directional anisotropy
of the resistance Rs(B, φ), i.e., an AMR. Fig. 4 (a)
and (b) document Rs(Bip, φ) versus φ for different Bip
at T = 2K for bridge A and E, respectively. Rs(Bip, φ)
shows a sinusoidal oscillating two-fold anisotropic behav-
ior with maxima at φ ≈ 90◦/270◦ and 0◦/180◦ for A and
E, respectively. Obviously, the anisotropy depends much
stronger on the angle between the direction of the bridge,
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FIG. 3: Magnetoresistance MR for the different microbridges
A−E at T = 10K (a) and 2K (b) versus magnetic field B
applied perpendicular to the interface. (c) MR at T = 2K in
the low-field range for B < B∗. Fits to the data with respect
to the Kohler form and MF-expression are shown by solid
lines, see text.
i.e., the direction of current I and Bip than on the crys-
tallographic direction. Maxima of Rs(Bip, φ) are always
observed for Bip parallel to the microbridge, i.e., current
flow direction.
Similar anisotropic behavior was also found in (001)
LAO/STO and AO/STO. In the framework of the Drude-
Boltzmann theory it was shown, that a Rashba-type SOI
in (001) LAO/STO induces a two-fold non-crystalline
anisotropy in the magnetoconductance [6], i.e., ∆σ =
[σ(Bip,Θ) − σ(Bip, 0)] ∝ sin2(Θ), where the ampli-
tude of the oscillations should scale for moderate field
strength with the square of the spin-orbit energy, i.e.,
∆σ(Θ = 90◦)/σ0 ∝ ∆2so, where σ0 = σ(Bip, 0) and Θ
the angle between I and Bip. Therefore, it is very likely,
that the observed anisotropy of Rs(Bip, φ) is caused by
Rashba-type SOI alike.
The amplitude of the oscillations of Rs(Bip, φ) increases
with increasing magnetic field reaching an AMR of about
1% for A, i.e., along the [11¯0] direction and 1.4% for E,
parallel to the [001] direction for Bip = 14T. The differ-
ent amplitudes likely indicate an anisotropic Rashba-type
SOI. Note that the AMR is about one order of magnitude
smaller as compared to the MR. Interestingly, Rs first
increases with increasing Bip up to about 5T and then
5decreases again. This behavior is documented in more
detail in Fig. 4 (c) and (d) where the in-plane magne-
toresistance MRip = [Rs(Bip,Θ)−Rs(0,Θ)]/Rs(0,Θ) is
plotted for A and E versus Bip for field direction parallel
(Θ = 0◦) and perpendicular (Θ = 90◦) to the current I
direction.
The MRip for Θ = 0
◦ is only slightly larger compared
to Θ = 90◦. With increasing Bip, the MRip first in-
creases, displaying a maximum positive magnetoresis-
tance around 5T. Then, the MRip decreases and even
becomes negative for Bip above about 10T. The negative
MRip at large fields possibly results from spin-polarized
bands due to Zeeman effect, leading to a suppression of
interband scattering with increasing B [26].
Fig. 4 (e) shows the anisotropic magnetoconductance
AMC = [σ(Bip,Θ)−σ(Bip, 0)]/σ(Bip, 0) versus Θ for I ‖
[11¯0] and I ‖ [001] at Bip = 14T and T = 2K. The max-
ima of the magnetoconductance oscillations AMCmax al-
ways appear at Θ = 90◦ and 270◦, i.e., Bip perpendicular
to the current direction. For the [001] direction AMCmax
amounts to about 1.3% and is distinctly larger compared
to that of the [11¯0] direction (≈ 0.8%). The field depen-
dence of the amplitude AMCmax for the two orthogonal
directions is shown in Fig. 4 (f). Measurable magne-
toconductance appears for Bip > 3T and increases with
field to 1.2% and 0.9% at 14T for the [001] and [11¯0]
direction, respectively. Rashba effect seems to increase
with increasing Bip and to be anisotropic with respect to
crystallographic direction.
In contrast to the non-crystallineAMR of (110) AO/STO
shown here, a giant crystalline AMR was reported for
(110) LAO/STO - displaying comparable ns and µ - with
resistance maxima for Bip along the [11¯0] direction, in-
dependent of current direction [8].
C. Theoretical modeling of the electronic band
structure and magnetotransport
In order to obtain a better understanding of the mea-
sured electronic transport, especially the AMR behav-
ior, we carried out tight-binding calculations to model
the electronic subbandstructure of (110) AO/STO. De-
tails to the linear combination of atomic orbitals (LCAO)
calculations are given in the Appendix. The calculation
yields the energy bands Eν,k where ν is the band index
and k the wave vector in the rectangular Brillouin zone.
Figure 5 shows the band structure obtained in this
way. The topmost panel shows the band structure in the
absence of spin orbit coupling and symmetry breaking
electric field, which roughly agrees with the band struc-
ture obtained by Wang et al. from a fit to their ARPES
data[11] (the reason for the deviation is our modifica-
tion of the nearest neighbor hopping t for bonds in [001]-
direction, see the discussion in the Appendix). Since
there is no mixing between the three t2g orbitals the
bands can be classified according to the type of d-orbital
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FIG. 4: AMR of (110) AO/STO at 2 K. Rs versus in-plane
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14T) for (a) bridge A, i.e., I parallel to the [11¯0] direction,
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field strength Bip is indicated exemplarily. In-plane mag-
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magnetoconductance AMC versus Θ, the angle between cur-
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and T = 2K. (f) The amplitude of the magnetoconductance
oscillations AMCmax versus Bip for the [11¯0] and the [001] di-
rection. The minima of the magnetoconductance oscillations
were found always at Θ = 0◦, 180◦, i.e., Bip parallel to the
current direction.
from which they are composed, whereby the bands de-
rived from the dxz and dyz orbitals are degenerate. The
dashed horizontal line gives the Fermi energy for an elec-
tron density of 0.40/unit-cell or 1.8 × 1014 cm−2. This
is considerably higher than the electron densities stud-
ied here but corresponds roughly to the experiments by
Wang et al.[11]. In the Figure one can identify the var-
ious subbands generated by the confinement of the elec-
trons perpendicular to the interface. This hierarchy of
subbands in fact extends to considerably higher energies
than shown in the Figure.
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FIG. 5: LCAO Band structure for the (110) AO/STO in-
terface. (a) Band structure without spin-orbit coupling and
symmetry-breaking electric field. All bands have two-fold
spin degeneracy, the horizonzal line is the Fermi energy for
ne = 0.4/unit-cell. (b) Band structure including spin-orbit
coupling and symmetry-breaking electric field, but B = 0.
(c) Closeup of the box indicated in (b). In (b) and (c) the
horizontal dashed line is the Fermi energy for ne = 0.05/unit-
cell.
The two lower panels show the band structure for finite
spin-orbit coupling and symmetry breaking electric field,
but B = 0. One can recognize the two different manifes-
tations of the Rashba effect discussed already by Zhong
et al. [27]: the splitting of bands near Γ which can be
either ∝ |k| or ∝ |k|3 (see below) and the opening of
gaps. The formation of gaps is particularly obvious at
Γ where the lowest dxy-derived band along Γ − M¯ com-
bines with one of the dxz/dyz-derived bands along Γ− Z¯
to form a mixed band whose minimum is shifted upward
by ≈ 20 meV. The dashed horizontal line in the lower two
panels gives EF for an electron density of ne = 0.05/unit-
cell or 2.3 × 1013 cm−2 which is roughly appropriate
for our experiment. We have verified that varying the
density in the range 0.04/unit-cell ≤ ne ≤ 0.07/unit-
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FIG. 6: Rashba-induced band splittings ∆ν,ν′(k) near Γ along
the two symmetry lines of the Brillouin zone.
cell does not have a significant influence on the magne-
toresistance discussed below. From now on the label-
ing of bands is according to their energy i.e. the lowest
band is labeled 1 and so on. Figure 6 shows the dif-
ferences ∆ν,ν′(k) = Eν,k − Eν′,k and demonstrates the
power-law behaviour of the Rashba-induced band split-
ting for small |k|. Thereby the splitting along [11¯0] is
linear, i.e. ∆ν,ν′(k) = Cν,ν′
ka
pi
with C2,1 = 60.8 meV and
C4,3 = 23.4 meV, whereas along [001] the splitting be-
tween bands 3 and 4 still has this form with C4,3 = 42.4
meV whereas the splitting between bands 1 and 2 now
is cubic, ∆2,1(k) = 2720meV
(
ka
pi
)3
. This highlights the
anisotropy of the Rashba-effect at the (110) AO/STO in-
terface.
Figure 7 compares the Fermi surfaces for ne = 0.05/unit
cell in zero magnetic field and a field of 14 Tesla. All pan-
els show the square [−pi4 : pi4 ] ⊗ [−pi4 : pi4 ], the field direc-
tion is along [001] (along [11¯0]) in the top four (bottom
four) panels. In the absence of SOC and electric field
the Fermi surface would consist of two elliptical sheets
centered at Γ, each of them two-fold (spin-)degenerate.
The ellipse derived from the dxz/dyz orbitals is elongated
along the [11¯0] (or Γ− M¯) direction, whereas the ellipse
derived from the dxy orbitals is elongated along the [001]
(or Γ− Z¯) direction. The Rashba effect splits and mixes
these bands and creates the more complicated 4-sheet
Fermi surface in Figure 7.
Switching on the magnetic field results in an area change
of the various Fermi surface sheets as well as a displace-
ment perpendicular to the field direction whereby pairs
of bands are shifted in opposite direction, namely bands
1 and 2 and bands 3 and 4. This displacement is consid-
erably more pronounced for the magnetic field in [001]-
direction and barely visible for magnetic field in [11¯0]-
direction. Qualitatively this behaviour can be derived
from the simplified single-band model[28]:
H =
p2
2m
+ α τ · (p× ez)− ωsτ ·B. (1)
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FIG. 7: The four Fermi sheets for ne = 0.05/unit-cell in zero
magnetic field and a magnetic field of 14 T. The field direction
is [001] for the four topmost panels and [11¯0] for the four
bottom panels (see arrows).
Here α is the strength of the Rashba coupling, ωs = µBB
and τ the vector of Pauli matrices. The magnetic field
B = BeB is in the (x, y)-plane and it is assumed that
p2F /2m ≫ αpF , ωs where pF is the Fermi momentum.
The eigenvalues are
E(±)p =
p2
2m
± | αp+ ωse⊥|
≈


p2
2m ± ωs ± αp · e⊥, αpF ≪ ωs
p2
2m ± αp± ωsp p · e⊥, ωs ≪ αpF
with e⊥ = eB × ez. The Fermi momenta for the two
sheets can be parameterized by the angle ϕ ∈ [0, 2π]:
pF (ϕ) =


±mα e⊥ +
(
pF ± mωspF
)
ep, αpF ≪ ωs
±mωs
pF
e⊥ + ( pF ±mα ) ep, ωs ≪ αpF
where pF =
√
2mEF and ep = (cos(ϕ), sin(ϕ)). In
both limiting cases these are two circular sheets with
slightly different radii, displaced in the direction per-
pendicular to the magnetic field. More precisely, when
looking along B, for α > 0 the larger (smaller) circle is
displaced to the right (left). For α < 0, on the other
hand, the larger (smaller) circle is displaced to the left
(right). Figure 7 shows that for B ‖ [001] the bands 1
and 2 as well as the bands 3 and 4 form two such pairs
of Fermi surface sheets which are displaced in opposite
direction. Thereby the direction of displacement indi-
cates that the sheets 1 and 2 appear to have an effective
α < 0 whereas the two inner sheets 3 and 4 have α > 0.
As already mentioned the displacement is much smaller
for B ‖ [11¯0] than for B ‖ [001] which again shows the
pronounced anisotropy of the Rashba-effect in the more
realistic LCAO-Hamiltonian.
Using the energy bands Eν,k we calculated the 2×2 con-
ductivity tensor using the semiclassical expression
σαβ = e
2
∑
ν
τν I
(ν)
α,β
I
(ν)
α,β =
1
4π2
∫
dk δ(Eν,k − EF ) vν,αvν,β
=
1
4π2
∫ 2pi
0
dϕ kF,ν(ϕ)
vν,α(ϕ)vν,β(ϕ)
∇kEν(ϕ) · ek . (2)
Here α, β ∈ {x, y}, kF,ν(ϕ) is the Fermi momentum of the
νth sheet along the direction ek = (cos(ϕ), sin(ϕ)), and
vν(ϕ) is the velocity ~
−1∇kEνk evaluated at kF,ν(ϕ).
Moreover, τν denotes the lifetime of the electrons in band
ν which we assume independent of ϕ for simplicity.
Figure 8 then shows the variation of the ‘band resolved’
conductivities with the angle φ between magnetic field
and [001]-axis. More precisely the figure shows the con-
tributions of different bands ν in (2) to the two diagonal
elements σ[11¯0] and σ[001] of σ. Thereby these contribu-
tions are actually summed over pairs of bands as sug-
gested by Figure 7, which shows that the two sheets be-
longing to one pair have similar Fermi surface geometry
and shift in opposite direction in a magnetic field. The
variation of the conductivity with field direction has the
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FIG. 8: Variation of σ[11¯0] (left) and σ[001] (right) with the
angle φ between B and the [001] direction. Thereby B = 14T .
A φ-independent constant has been subtracted to make the
variations visible, for the labeling of the Fermi surface sheets
see Figure 7.
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FIG. 9: Ratio of Fourier coefficients A2/A0 in (3) calculated
numerically for the simplified model (1).
form
σ ≈ A0 +A2 cos(2Θ) +A4 cos(4Θ), (3)
where Θ again is the angle between magnetic field and
current direction. For bands 1 and 2 the constant A2
is negative and substantially larger than A4 so that the
conductivity is minimal for j ‖ B. This behaviour can be
reproduced qualitatively already in the framework of the
generic model (1). In the limit αpF ≪ EF , ωs evaluation
of (2) yields
σ = e2τ π−1
[
EF −mα2 sin2(Θ)
]
. (4)
Numerical evaluation shows that this result is quite gen-
eral, i.e. σ has the form (3) with A2 < 0 and A4 = 0
for any α or ωs. Figure 9 shows the numerical values of
A2/A0 versus ωs. Nonvanishing magnetoresistance oc-
curs only above a threshold value ω
(min)
s which depends
on α. This was found previously by Raimondi et al.[28]
although these authors did not consider the detailed vari-
ation with field direction.
The behaviour of the contribution from bands 3 and 4
differs strongly from the prediction of the simple model.
First, the variation of σ[11¯0] has a substantial admixture
of the higher angular harmonic cos(4Θ). Second, while
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FIG. 10: Variation of the lifetimes τ1,2 and τ3,4 with magnetic
field.
the variation of σ[001] does have a predominant cos(2Θ)
behaviour, one now has A2 > 0. The deviating behaviour
for this pair of bands is hardly surprising in that Fig-
ure 7 shows that the displacement of the Fermi surface
is practically zero for B ‖ [11¯0] but quite strong for
B ‖ [001] which suggests that for these two bands the
effective Rashba parameter α depends on the direction
of the magnetic field.
Despite an extensive search we were unable to find a set
of LCAO parameters such that the sheet resistivities (ob-
tained by inversion of the 2× 2 conductivity matrix (2))
obtained with a single, band independent relaxation time
τ match the experimental Rs vs. φ curves in Figure 4.
Agreement with experiment could be achieved only by
choosing a band-dependent relaxation time, more pre-
cisely the relaxation time τ1,2 for the bands 1 and 2 had
to be chosen larger by roughly a factor 4 as compared
to τ3,4 for bands 3 and 4. The relaxation times obtained
by fitting the experimental data are shown in Figure 10.
They have the expected order of magnitude and their
monotonic and smooth variation with magnetic field is
a few percent. Using the Fermi surface averages of the
Fermi velocity of ≈ 5 × 104 m
s
the mean free paths are
l1,2 ≈ 9nm and l3,4 ≈ 2.5nm.
The resulting φ-dependence of the sheet resistance is
compared to the experimental data in Figure 11. While
the agreement for current along [001] is good, there is
some discrepancy for current along [11¯0] in that the ex-
perimental curves have wide minima and sharp maxima,
whereas this is opposite for the calculated curves. This
may indicate the limitations of the quasiclassical Boltz-
mann approach as already discussed in Ref. [26] where
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FIG. 11: Calculated sheet resistance (lines) versus angle φ
between magnetic field and [001] direction compared to the
experimental data (squares), c.f. Figure 4.
a full solution of the Boltzmann equation was necessary
to reproduce the experimental data. For completeness
we note that a band dependent relaxation time has been
observed experimentally in materials such as MgB2[29]
and some iron-pnictide superconductors[30, 31].
Summarizing this section we may say that while a de-
tailed fit of the experimental data in the framework of
the relaxation time approximation to semiclassical Boltz-
mann theory is not entirely successful, the overall behav-
ior observed in experiment - a variation of the conductiv-
ity with magnetic field direction predominantly according
to σ = A0 +A2 cos(2Θ) i.e. a noncrystalline anisotropy,
is quite generic and can be reproduced qualitatively al-
ready in the simplest model (1). Interestingly the consid-
erably more complicated and anisotropic band structure
does not change this significantly. On the other hand,
the results show that the Rashba effect in the (110) sur-
face is strongly anisotropic so that some deviations from
this simple behaviour are not surprising. The calculation
moreover shows that at least within the framework of the
relaxation time approximation the lifetime for electrons
in the two inner Fermi surface sheets must be chosen
shorter.
IV. SUMMARY
Anisotropic electronic transport of the 2DES in
(110) AO/STO was characterized by temperature
and magnetic-field dependent 4-point resistance mea-
surements along different crystallographic directions.
Anisotropic behavior of Rs is evident over the complete
measured T -range (2K≤ T ≤ 300K) with lowest sheet
resistance and largest electron mobility along the [001]
direction. The anisotropy of µ is mainly responsible for
the anisotropic behavior of the normal magnetotrans-
port MR for 30K> T > 5K, where lorentz scattering
dominates magnetotransport. At 2K and B < 2T, MR
is dominated by weak antilocalization. The spin orbit
field deduced from WAL is well comparable to that
found in (001) AO/STO and LAO/STO and seems to
depend not on specific crystallographic direction.
Tight-binding calculations were carried out to model the
electronic subbandstructure, confirming the anisotropy of
µ. Despite the high anisotropy of the Fermi surfaces, the
AMR shows a non-crystalline behavior with resistance
maxima for in-plane magnetic field parallel to current
direction. Semi-classical Boltzmann theory was used to
calculate conductivity and AMR confirming the rather
unexpected experimental result of a non-crystalline
AMR, despite strong anisotropic Fermi surface sheets
and Rashba coupling which however lead to a strong
sensitivity of the AMR behavior of (110) AO/STO on
EF as already observed for (001) LAO/STO. On the
other side, electronic subband-engineering by, e. g.,
epitaxial strain, may also provide possibilities to tune
AMR behavior which might be interesting with respect
to spintronics.
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V. APPENDIX: LCAO CALCULATION
We describe bulk SrTiO3 as a simple cubic lattice of
Ti atoms with lattice constant unity at the positions Ri
and retain only the three t2g orbitals of each Ti atom.
The Hamiltonian is most easily formulated in a coor-
dinate system with axes parallel to Ti-Ti bonds which
we call the bulk coordinate system. In the following
α, β, γ ∈ {x, y, z} always refer to the bulk coordinate
system, are assumed to be pairwise unequal, and eα de-
notes the lattice vector in α-direction. Following Wang
et al.[11] we use a tight-binding parameterization of the
Hamiltonian with hopping integrals
〈dαβ(Ri ± eα)|H |dαβ(Ri)〉 = t,
〈dαβ(Ri ± eγ)|H |dαβ(Ri)〉 = t1,
〈dαβ(Ri ± eα ± eβ)|H |dαβ(Ri)〉 = t2. (5)
Following Zhong et al.[27] we model the interface as a
hemispace of bulk SrTiO3 with surface perpendicular to
the unit vector en =
1√
2
(1, 1, 0) and the origin of the co-
ordinate system coinciding with some atom on the sur-
face. Accordingly, only atoms with Ri · en ≥ 0 are re-
tained. The electrons are confined to the interface by a
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wedge-shaped electrostatic potential which gives an ex-
tra energy ǫi = eERi · en with E > 0 for all three t2g
orbitals on the Ti atom at Ri.
The unit-cell of the resulting (1, 1, 0) surface is a rectangle
with edges
√
2 ‖ [11¯0] and 1 ‖ [001]. The Brillouin zone
has the extension
√
2π in [11¯0]-direction and 2π in [001]-
direction and we define M¯ = (π/
√
2, 0) and Z¯ = (0, π).
Using the model described so far, Wang et al. ob-
tained an excellent fit to their ARPES band struc-
ture at the SrTiO3 (110) surface by using the values
t = −277 meV, t1 = −31 meV, t2 = −76 meV and
eE = 10 meV/
√
2. Using these values, the conductiv-
ity calculated within the Boltzmann equation formalism
(as described in the main text) shows a rather strong
anisotropy, σ[001]/σ[11¯0] ≈ 3.5, much larger than the ex-
perimental value σ[001]/σ[11¯0] ≈ 1.3. The reason is that
for the low electron densities of ≈ 0.05/unit cell in our
experiment the dxy-derived band which has small effec-
tive mass along the [11¯0] direction (see Figure 5) is al-
most empty. This can be changed, however, by reducing
t → −269.5 meV for all bonds in [001]-direction. This
reduction by 2.5% might be the consequence of a slight
distortion of the lattice in the neighborhood of the in-
terface. The same reduction of the anisotropy could also
be obtained by lowering the energy of the dxy-orbital by
≈ 10 meV. Both modifications shift the minimum of the
dxy-derived band to lower energy and thus increase its
filling.
To discuss the magnetoconductance we extended the
model of Wang et al. by including the Rashba effect -
that means the combined effect of spin-orbit coupling in
the Ti 3d shell and the confining electric field - as well
as an external magnetic field. First, the nonvanishing
matrix elements of the of orbital angular momentum op-
erator L within the subspace of the t2g orbitals are
〈dxz |Lx|dxy〉 = i~,
plus two more equations obtained by cyclic permuta-
tions of (x, y, z). Choosing the basis on each Ti atom
as (dxy,↑, dxy,↓, dxz,↑, dxz,↓, dyz,↑, dyz,↓) one thus finds
Lx = ~

 0 −i 0i 0 0
0 0 0

⊗ τ0,
Ly = ~

 0 0 i0 0 0
−i 0 0

⊗ τ0,
Lz = ~

 0 0 00 0 −i
0 i 0

⊗ τ0,
where τ0 is the unit matrix in spin space. The Hamilto-
nian for the spin orbit-coupling then is[27]
HSO = λSO L · S
=
λSO i~
2
2
( ( |xz〉〈xy| − |xy〉〈xz| ) τx + c.p. )
=
λSO ~
2
2

 0 −iτx iτyiτx 0 −iτz
−iτy iτz 0

 .
Here c.p. denotes two more terms obtained by cyclic per-
mutation of x, y, z and τ is the vector of Pauli matrices.
We use λSO~
2 = 20 meV. The coupling to an external
magnetic field B is
HB = µB(L+ g S) ·B
with the Bohr magneton µB and we use g = 5[32].
In addition to the matrix elements (5) the confining elec-
tric field gives rise to small but nonvanishing hopping ele-
ments, which would vanish due to symmetry in the bulk.
The respective term in the Hamiltonian is HE = |e|E⊥ ·r
where E⊥ is the component of the electric field perpen-
dicular to the bond. As shown by Zhong et al.[27] the
respective matrix elements can be written as (α, β and
γ refer to the bulk system and are pairwise unequal)
〈dαβ(Ri ± eγ)|HE |dβγ(Ri)〉 = ±|e| Eα VE ,
〈dβγ(Ri ± eγ)|HE |dαβ(Ri)〉 = ∓|e| Eα VE ,
and we used the value |e| E VE = 5 meV. The sign of
VE is positive if one really considers only two d-orbitals
at the given distance. This might change if one really
considers hopping via the oxygen-ion between the two Ti
ions in the true crystal structure of SrTiO3. We have
verified, however,that inverting the sign of VE does not
change the angular dependence of the magnetoresistance
in Figure 11, although it does in fact change the direc-
tion of the shift of the Fermi surface sheets in Figure 3,
that means the sign of the effective α. In fact, as can be
seen from (4) the sign of α does not influence the angular
variation of the conductivity.
We neglect any matrix elements of the electric field be-
tween orbitals centered on atoms more distant than near-
est neighbors. The interplay between these additional
hopping matrix elements and the spin orbit coupling
gives rise to the Rashba splitting of the bands. Adding
the respective terms to the tight-binding Hamiltonian we
obtain the band structure and its variation with a mag-
netic field. We have verified that slight variations of λSO,
|e|EVE or g do not lead to qualitative changes of the re-
sults reported in the main text.
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